One factor that slows groundwater remediation is the sequestration of contaminant in dead-end pores, that is, pores that are not flushed through by flow through the aquifer. Furthermore, rebound of apparently remediated aquifers can occur as a result of the eventual release of the contaminant trapped in these dead-end pores. Since the operational costs generally outweigh the capital costs of a remediation project, reduction of the duration of treatment should reduce the overall cost of the average remediation. It has been shown that a rapidly pulsed flow can increase the mixing between dead-end and well-connected pores through computational fluid dynamics models with idealized pore geometry and column tests. A rapidly pulsed flow induces a deep sweep upon a sudden increase in velocity and a vortex ejection upon a sudden decrease in velocity that substantially accelerates the remediation of contaminant from these dead-end pores. To examine rapidly pulsed pumping in a more realistic configuration, a model vertical circulation well was constructed. The porous medium was well-sorted crushed glass to minimize sorption. Removal of a fluorescent dye, which represents a dissolved contaminant, under a rapidly pulsed flow was compared to a steady flow. The modeled well revealed accelerated removal of dissolved contaminants under a rapidly pulsed flow.
Introduction
In pump-and-treat remediation (P&T), contaminated water is pumped from an aquifer, treated, and typically returned to the aquifer via another well. At the start of treatment, the contaminant concentration in the water pumped from the aquifer is typically high and decreases over time. One indication of treatment progress is when the effluent concentration reaches an acceptable level; however, often after treatment is concluded, such as at regulatory checks, the concentration rebounds to an unacceptable level [1, 2] . The rebound is due to release of sequestered contaminants. These contaminants are trapped by several mechanisms that fall into three general categories [1]: non-aqueous phase liquids (NAPL) [3, 4] and reactions [5] , sorption processes [6] , and matrix diffusion. The latter is the subject of this work, specifically, contaminant that is trapped in dead-end pores. Dead-end pores are characterized by a recirculation eddy within the pore; there is no flow that sweeps through the individual pore volume. This is in contrast to a well-connected pore that has a flow that sweeps through the pore volume. The recirculation eddy is isolated from the flow through the adjacent well-connected pores by the separatrix: the surface between all of the streamlines within the dead-end and well-connected pore. Under steady flow, contaminant trapped in dead-end pores can only escape by molecular diffusion across the separatrix [7] .
Rapidly pulsed pumping has been proposed as a technique that uses the unsteady flow rate within the porous media to break through the separatrix and flush out the majority of the dead-end pore [8] . In rapidly pulsed pumping, the increase in flow causes instability, and the flow in the adjacent well-connected pore flushes into the dead-end pores, which is called a deep sweep. Equally important, the decrease in flow causes instability, and the recirculation eddy within the dead-end pore emerges into the adjacent well-connected pore and brings contaminant away where it is subject to advection from the subsequent increase in flow, which is called a vortex ejection. Rapidly pulsed flow has been tested numerically [8] and with column experiments [9] , but there is a need to test it in a more complex porous media and pump configuration.
This work is in the context of P&T because it is the most common remediation technique used alone and in combination with other technologies [10] . Typical remediation work lasts in the order of decades to a century [11, 12] . Any advancement to reduce the treatment time will reduce the cost of the typical remediation. The technology introduced here can reduce the treatment time through the enhancement of mixing between dead-end and well-connected pores. In fact, all remediation techniques depend on mixing to completely remediate a site; even in situ solutions such as bioremediation by microorganisms will depend on mixing to deliver remediation agents to dead-end pores.
P&T often uses a series of wells. Some of these wells extract contaminated water and others inject clean or cleaner water. The flow depends on the well configuration. One configuration is the replacement of the separate extraction and injection wells with a vertical circulation well (VCW), which is a well with two screened openings at different depths that are isolated from one another such that one can extract water from the aquifer and the other can inject water to the aquifer. The well can be configured to have extraction from the bottom screen and injection from the top screen (up-flow) or vice versa (down-flow) [13] . A single VCW generates a dipole flow in the aquifer [14] . The configuration of VCWs can be adjusted because of the size and shape of the contaminated aquifer. Multiple VCWs offer added flexibility; for example, a pair of VCWs operated in opposing orientations (one up-flow and another down-flow) will create a circulation system between wells termed a well-to-well conveyor-belt circulating system by Goltz et al. [15] . The VCW, or groundwater circulation wells or simply recirculation wells, was introduced about 25 years ago [16] and continues to be the subject of research.
The VCW allows greater flexibility than conventional P&T configurations. First, once contaminated groundwater is brought to the surface, it is treated as hazardous waste and needs to be hauled away or remediated to rigorous standards before it may be re-injected into the aquifer. The VCW typically has a sufficiently large diameter to allow installation of equipment inside. With technologies placed inside of the VCW, contaminated water can be repeatedly circulated until the required contaminant concentration is achieved; in this manner, remediation does not need to be achieved on the first cycle [17] . Second, the VCW can help maintain water quantity in the parent aquifer as opposed to a transfer of waste to a disposal site. The disposal of the treated groundwater usually through surface discharge is a significant problem with conventional P&T [17] ; although, reinjection of the treated groundwater within a VCW may have administrative, public perception, or legal complications. Third, VCWs generate significantly smaller disruptions of groundwater table or piezometric surface than the conventional P&T technologies due to the single well design. Ryan et al. [18] considered conventional and VCW-based P&T designs for remediation of an aquifer under the Massachusetts Military Reservation on Cape Cod. The conventional design would have caused unacceptably large disturbances of the hydraulically connected surface water while the VCW design was more effective and would cause minimal and acceptable disturbances to the surface hydrology. Fourth, the VCW develops vertical hydraulic gradients whereas conventional P&T generally only develops horizontally dominated flow fields. Vertical flows generated by VCWs may flush contaminants stuck in low-conductivity zones in horizontally stratified aquifers [17] . Additionally, in numerical experiments, the radius of the VCW capture zone increased with higher aquifer anisotropy (the ratio of horizontal to vertical conductivity) [16] . The VCW can also be used to take measurements of the aquifer. The dipole-flow test (DFT) is a method to estimate aquifer parameters (horizontal and vertical hydraulic conductivity, and specific storage) from the measurement of the in-well pressure time series in the upper and lower chamber of a single VCW [14, 19, 20] .
VCWs, with the capacity for alternative treatment processes such as in-well air stripping and/or in situ chemical or biological processes, offer an attractive range of alternatives to the conventional P&T technique. Nevertheless, these remediation methods are still limited by diffusion of contaminants from the dead-end pores. None of the existing aquifer remediation approaches optimize the mechanisms of the deep sweep and vortex ejection. Kahler and Kabala [8] demonstrated the application of a rapidly pulsed flow in groundwater remediation to generate these mechanisms to accelerate the removal of contaminant from dead-end pores. The optimal period in the experiments performed by Kahler and Kabala [8, 9] was less than one second. The lowest pulse period the authors found was in a bioremediation technique in VCWs of eight hours [21] . The period considered in rapidly pulsed pumping experiments was a factor of approximately 3 × 10 4 shorter. The mechanisms demonstrated by Kahler and Kabala [8] occur at every pulse; therefore, the increase in pulse frequency also increases the number of mechanisms performed on the pores. Since the VCW induces a flow in the horizontal and vertical directions, it provides an ideal experimental setting to test rapidly pulsed flow for remediation in a laboratory scale.
The experiments described here test two hypotheses, previously suggested by related research. First, a rapidly pulsed flow recovers more contaminant from a VCW tank than steady flow. Second, a rapidly pulsed flow recovers any given quantity of contaminant faster from a VCW tank than steady flow. This hypothesis is a necessary step to field-scale experiments.
Materials and Methods
A laboratory-scale VCW was constructed with a cylindrical acrylic chamber with a well in the center ( VCWs, with the capacity for alternative treatment processes such as in-well air stripping and/or in situ chemical or biological processes, offer an attractive range of alternatives to the conventional P&T technique. Nevertheless, these remediation methods are still limited by diffusion of contaminants from the dead-end pores. None of the existing aquifer remediation approaches optimize the mechanisms of the deep sweep and vortex ejection. Kahler and Kabala [8] demonstrated the application of a rapidly pulsed flow in groundwater remediation to generate these mechanisms to accelerate the removal of contaminant from dead-end pores. The optimal period in the experiments performed by Kahler and Kabala [8, 9] was less than one second. The lowest pulse period the authors found was in a bioremediation technique in VCWs of eight hours [21] . The period considered in rapidly pulsed pumping experiments was a factor of approximately 3 × 10 4 shorter. The mechanisms demonstrated by Kahler and Kabala [8] occur at every pulse; therefore, the increase in pulse frequency also increases the number of mechanisms performed on the pores. Since the VCW induces a flow in the horizontal and vertical directions, it provides an ideal experimental setting to test rapidly pulsed flow for remediation in a laboratory scale.
The experiments described here test two hypotheses, previously suggested by related research. First, a rapidly pulsed flow recovers more contaminant from a VCW tank than steady flow. Second, a rapidly pulsed flow recovers any given quantity of contaminant faster from a VCW tank than steady flow. This hypothesis is a necessary step to field-scale experiments. The medium used in the chamber was crushed glass as an idealized solid matrix. Crushed glass was selected to represent an unwashed medium such as a glacial till without organic matter. The glass particles were sieved and passed through a #16 mesh (1.19 × 10 −3 m) and retained in a #40 mesh (4.20 × 10 −4 m) after 20 min on a standard shaker; the glass had a density of ρ = 221 kg/m 3 and a porosity of n = 0.46. Contaminant was modeled with fluorescein dye (Fluorescein Sodium Salt, Sigma-Aldrich, Milwaukee, WI, USA, aqueous solution) and deionized water was used in the solution and as the water supply for the trials. Glass and fluorescein were chosen because fluorescein has low sorption to glass.
Each trial began with a clean, empty chamber and clean, dry crushed glass. The chamber was partially filled with a known concentration of dye (100 µg/L to ensure the outflow would remain well below the top of the linear range of 250 µg/L) and the crushed glass was introduced from the top; this was done to reduce any dead zones or air bubbles in the chamber. The chamber was filled to the top and the lid was placed at an angle to reduce air bubbles before being lowered onto the chamber. The fluorometer (Turner Designs 10AU Field Fluorometer, Sunnyvale, CA, USA) was calibrated with the 100 µg/L fluorescein and the deionized water as the blank prior to each trial.
Three trials for each flow type, steady and pulsed, were conducted. Steady flow was generated from a deionized (DI) water tap and pulsed flow was generated by a peristaltic pump (Manostat ® VERA Verisatltic ® pump, Barrington, IL, USA). The pulsed flow frequency was approximately 0.5 Hz with a duty cycle of 0.12; this was a limitation of the peristaltic pump. The flow rate was approximately 5 mL/s, which was monitored closely and when variations were detected above 8 mL/s or below 3 mL/s, the flow was adjusted accordingly. Variations were assumed to occur as a result of the DI water supply. The outflow was analyzed by a fluorometer with a time resolution of one-second. The flow rate was computed by manual collection of the outflow in a graduated cylinder over 30 s. The output was numerically integrated to determine the recovery of the dye.
The primary limitation of this analysis is that the VCW tank imposed an artificial boundary condition at the outer-circumference wall. The flow velocity in an unbounded environment was expected to be less than the VCW flow. To determine the range of velocities in the VCW tank and the approximate zone of influence of a VCW in the environment, the flow was simulated in a porous medium with the Brinkman Equations [22, 23] in computational fluid dynamics (CFD) software COMSOL Multiphysics, a finite element model, under steady conditions. The numerical domain was constructed to simulate the physical model. The model was constructed as an axisymmetric model to take advantage of the geometry. The numerical mesh was constructed using COMSOL's built-in "physics-controlled mesh" option. The mesh size was chosen to be the most computationally efficient. That is, a coarser size was preferred under the condition that resultant velocity as a function of radius output was not appreciably different than finer node sizes. The model used the measured porosity and an estimated permeability of k = 10 −6 m 2 . The CFD model was run as steady to determine the average flow velocities with the inflow boundary set at Q = 10 −5 m 3 /s, which corresponds to the approximate average starting flow in the physical VCW tank. The boundary condition was set as a no-slip boundary along all walls except for the inlet and outlet. The tank simulation results were compared to simulations of increasingly larger tanks to represent removal of the artificial boundary of the tank. The domain radius was increased until the flow velocity near the outer boundary became small compared to the flow in the interior of the domain and the velocity in the interior of the domain did not change with further increases in the radius. This domain is referred to as the large-domain VCW.
Results

Vertical Circulation Well Tank
The average recovery from the trials with pulsed flow was higher than the average recovery from the trials with steady flow. Three trials were conducted under each flow type; the average recovery is displayed in Figure 2 with the standard deviation (recovery from each trial is shown in Figure S1 ).
The fraction recovered is the amount of dye recovered normalized by the total amount of dye placed in the tank at the setup of the trial. The recovery is plotted as a function of non-dimensional time, pore volumes, which is the number of pore volumes that have passed through the extraction well at a given time. Pore volumes can be calculated as τ = t Q/V p , where t is time, Q is volumetric flow rate, and V p is the pore volume of the chamber. For the practitioner, a better measure of the acceleration of the remediation is the amount of time to achieve a target concentration with rapidly pulsed versus steady flow. To quantify this, the speedup factor is defined at a given fraction recovered, f, as the ratio of the treatment duration needed to achieve the fraction recovery with steady flow over the duration with pulsed flow, SF = τ steady | f /τ pulsed | f , and plotted against f in Figure 3 . The speedup factor increases with the target recovery, which indicates that more recovery will require proportionately less time under pulsed flow. dye placed in the tank at the setup of the trial. The recovery is plotted as a function of nondimensional time, pore volumes, which is the number of pore volumes that have passed through the extraction well at a given time. Pore volumes can be calculated as τ = t Q/Vp, where t is time, Q is volumetric flow rate, and Vp is the pore volume of the chamber. For the practitioner, a better measure of the acceleration of the remediation is the amount of time to achieve a target concentration with rapidly pulsed versus steady flow. To quantify this, the speedup factor is defined at a given fraction recovered, f, as the ratio of the treatment duration needed to achieve the fraction recovery with steady flow over the duration with pulsed flow, SF = τsteady|f/τpulsed|f, and plotted against f in Figure 3 . The speedup factor increases with the target recovery, which indicates that more recovery will require proportionately less time under pulsed flow. dye placed in the tank at the setup of the trial. The recovery is plotted as a function of nondimensional time, pore volumes, which is the number of pore volumes that have passed through the extraction well at a given time. Pore volumes can be calculated as τ = t Q/Vp, where t is time, Q is volumetric flow rate, and Vp is the pore volume of the chamber. For the practitioner, a better measure of the acceleration of the remediation is the amount of time to achieve a target concentration with rapidly pulsed versus steady flow. To quantify this, the speedup factor is defined at a given fraction recovered, f, as the ratio of the treatment duration needed to achieve the fraction recovery with steady flow over the duration with pulsed flow, SF = τsteady|f/τpulsed|f, and plotted against f in Figure 3 . The speedup factor increases with the target recovery, which indicates that more recovery will require proportionately less time under pulsed flow. Figure 2 . The cleanup factor shows how many times faster the rapidly pulsed flow would achieve a given fraction recovered than the steady flow.
Computational Fluid Dynamics
The CFD simulations were run at a "fine" mesh option, which resulted in 4793 nodes in the interior and 279 along the boundary for the VCW domain; while the "normal" mesh reproduced a similar result, there was little difference in computation time. Coarser meshes were not explored as it was not needed for computational efficiency. As stated in the Methods section, the radius of the VCW tank domain was r = 0.129 m. The large-domain VCW, whose outer wall was placed at a radius large enough where it did not significantly change the flow on the interior of the tank, was not found to change the interior flow at r = 1 m. The results showed that the typical fluid velocity magnitude in a less-constrained tank is lower than the fluid velocity in the simulated tank for the same flow rate as predicted. For comparison, the fluid velocity magnitude (u) versus position (r) for both simulations was obtained for a transect along the plane z = 0.207 m; since the model is axisymmetric along the center z-axis, only the positive r-vector is shown in Figure 4 . The simulations also show that the fluid follows a roughly dipole path, as previously reported [14] . The velocity surface plot and streamlines show the three-dimensional flow path for both simulations in Figure 5 .
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Discussion
Traditional pump-and-treat remediation uses steady flow or flow rates changed on the time scale of months. This generates a steady flow within dead-end pores that is separate from the mean flow through the aquifer. Rapidly pulsed flow interrupts those steady, separated eddies within the dead-end pore to enhance mixing and remove sequestered contaminant. Previous experiments confirmed that rapidly pulsed flow accelerated remediation from pores; this study is the first to show acceleration in a more complex three-dimensional flow with the VCW and suggest the previously identified disruption of the steady separation accelerates remediation.
These results demonstrate that remediation is accelerated under rapidly pulsed pumping in a VCW tank. The acceleration in contaminant removal from the VCW was not as dramatic as in previously tested domains such as a single dead-end pore [8] or crushed glass column [9] . The decreased improvement was likely due to a greater number of well-connected pores along the tank wall, a larger number of pores with a lower velocity, and the greater amount of complex flow paths, such as the corners of the tank. Pores in areas with lower velocity have a less-abrupt separation and therefore smaller dead-end volume. Further laboratory and field experiments are needed to determine the potential acceleration in real remediation schemes.
Numerical experiments [8] revealed the deep sweep and vortex ejection in rapidly pulsed flow and discussed the feasibility of the mechanisms at a mean flow of u = 10 −5 m/s and potentially slower flows past a dead-end pore. While the deep sweep and vortex ejection mechanisms are still intact at such low velocities, the time it takes for the water and contaminant to move along the flow path to an extraction well may become the limitation in contaminant removal. Nevertheless, in other remediation technologies such as bioremediation, this enhanced mixing will still benefit treatment.
Column experiments [9] exhibited the potential for remediation of acceleration in a more natural pore construction. These VCW trials validate the potential for acceleration of remediation in a three-dimensional flow field. While the model VCW is confined, the improvement shown represents a significant improvement over steady flow in VCW applications. More importantly, the VCW represents an actual pump-and-treat remediation configuration. This suggests that rapidly pulsed flow may be able to be deployed in real-world scenarios. These experiments were conducted in the context of pump−and−treat remediation because it is the most common; however, rapidly pulsed flow increased the mixing between well-connected and dead-end pores. Enhanced mixing is a great benefit to in situ remediation. Since remediation plans take decades to perform, a speedup of even two or three times could cut the overall time in half or more, which would also reduce the cost. 
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